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Preise readout of spin states is ruial for any approah towards physial realization of a spin-
based quantum omputer and for magnetometry with single spins. Here, we report a new method to
strongly improve the optial readout delity of eletron spin states assoiated with single nitrogen-
vaany (NV) enters in diamond. The signal-to-noise ratio is enhaned signiantly by performing
onditional ip-op proesses between the eletron spin and the nulear spin of the NV enters
nitrogen atom. The enhaned readout proedure is triggered by a short preparatory pulse sequene.
As the nitrogen nulear spin is intrinsially present in the system, this method is universally appli-
able to any nitrogen-vaany enter.
PACS numbers:
The negatively harged nitrogen-vaany (NV) en-
ter in diamond exhibits numerous outstanding proper-
ties whih make it a promising andidate for novel ap-
pliations in quantum and imaging siene. Impressive
experiments have demonstrated its potential as a solid-
state qubit at room temperature [1, 2, 3℄, for nanosale
magnetometry [4, 5, 6℄ and for probing spin dynamis
at nanosale [7, 8℄. The oherene times of its eletron
spin are the longest reported for any solid-state system
at room-temperature [9, 10℄. The use of nearby single
nulear spins as additional resoure for quantum infor-
mation [11℄ allows a variety of appliations, from on-
ditional quantum gates [12℄ and storage of quantum in-
formation to realization of small quantum registers and
multi-partite entanglement [13, 14℄. In all these experi-
ments, the quantum information stored in the spin sys-
tem is read out optially by reording spin-state depen-
dent uoresene rates of the NV enter [15, 16℄. Even
single nulear spin qubits an be read out via the NV en-
ter by oherent mapping of the nulear spin state onto the
eletron spin [12℄. Therefore, the overall readout delity
of any appliation is limited by the signal-to-noise ratio
of the optial readout proess of the NV enter. Very
reently signiant delity enhanement was ahieved by
mapping the eletron spin state onto
13
C nulear spins
and repetitive readout [17℄.
In this Letter, we report a novel and universal method
to enhane the signal-to-noise ratio of the optial readout
proess of NV enter spins. To this end we exploit the
spin dynamis of the intrinsi nitrogen nulear spin that
rely on a level-antirossing (LAC) in the NV enters ex-
ited state [18, 19, 20℄ to obtain a threefold enhanement
in signal per readout step. This speeds up the data a-
quisition proess by a fator of 3 and orresponds to an
inrease of the signal-to-noise ratio by a fator of
√
3.
As the method exlusively utilizes interations with the
intrinsi nitrogen nuleus, its feasibility does not depend
on the presene of further anilla spins.
The NV enter onsists of a substitutional nitrogen
atom and an adjaent vaany (see Fig. 1(b)). Optial ex-
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FIG. 1: (a) Energy levels of the NV enter as a funtion of the
magneti eld amplitude B for B || NV symmetry axis. Opti-
al transitions (vertial arrows) between ground (GS) and ex-
ited state (ES) are spin-onserving. Non-radiative ISC rates
(dark grey arrows, thikness orresponds to transition rate) to
the metastable singlet state (MS singlet) depend strongly on
the spin state. (b) Atomi struture of the nitrogen-vaany
enter in diamond and magneti eld orientation. () Detailed
sublevel struture of the mS=0 and mS=-1 manifold, taking
into aount the
14
N nulear spin (I=1). Spin states are de-
noted by |mS ,mI〉. The hyperne splitting is A = -2.166 ±
0.01 MHz. The nulear quadrupole splitting Q has been mea-
sured to be 4.945±0.01 MHz by ENDOR spetrosopy [22℄.
See supporting online material for details.
itation of the transition between eletroni ground and
exited state gives rise to strong uoresene whih en-
ables optial detetion of individual NV enters by stan-
dard onfoal mirosopy tehniques [21℄. Ground and
exited states are eletron spin triplets (Fig. 1(a)). If
the nitrogen atom is a
14
N isotope (99,6% abundane,
I=1), eah eletron spin state is further split into three
hyperne substates (Fig. 1()). Optial yles between
ground and exited state are spin-onserving [16℄. How-
ever, intersystem rossing (ISC) rates to an intermedi-
ate metastable singlet state are strongly spin-dependent.
As the system annot undergo optial yles while being
2trapped in the singlet state (τ ≈ 250 ns [16℄), it remains
dark during this time. Hene, the average uoresene
intensity depends on the spin state. ISC ours mainly
from the mS=±1 (|±1〉) levels whih therefore onstitute
"dark states", whereas the mS=0 (|0〉) level onstitutes
a "bright state" with a higher average uoresene inten-
sity. ISC from the singlet state bak to the ground state
preferentially ends up in |0〉, leading to a strong polar-
ization of the eletron spin under optial exitation [23℄.
The ground state spin triplet represents the logi qubit
or the magneti sensor. It is initialized to |0〉 by a non-
resonant laserpulse (532 nm). The operating transition
used in this Letter is the transition between |0〉 and |−1〉
(see Fig. 2(a)). Unitary qubit ontrol or magneti sens-
ing is performed by ommon mirowave pulse tehniques
under dark onditions. The output of the operation en-
oded in the spin state is read out optially by appliation
of a readout laserpulse and detetion of the uoresene
response. Fig. 2(a) shows the aumulated number of re-
sponse photons per ns n|0〉(|−1〉)(t) upon a readout laser-
pulse for the observed NV enter initially being in spin
state |0〉 (|−1〉). If the initial spin state is |0〉, the pulse
shows a high initial uoresene level whih deays to-
wards a steady-state value with non-zero population in
the singlet state due to a small probability for ISC from
|0〉. For |−1〉, the initial uoresene deays fast towards
a low level due to a high ISC rate to the singlet state.
As the singlet state always deays to spin state |0〉 in the
ground state [16℄, the low uoresene level deays to the
steady-state value within the lifetime of the singlet state
of about 250 ns.
The signal used to disriminate the spin states is the
dierene in the number of photons olleted during the
readout laserpulse (see grey area in Fig. 2(a)). Note that
for spin state |−1〉, the system passes one through the
singlet state before being polarized. After polarization,
all information about the initial spin state is destroyed
and the system is in its steady state |0〉. Hene, the signal
per readout pulse is limited by the optial polarization
rate of the eletron spin whih is given by the lifetime
of the singlet state (τ ≈ 250 ns) and is on the order of
4 MHz. If uoresene photons ould be deteted at a
higher rate than 4 MHz, single passages through the sin-
glet state ould be observed as ompletely dark intervals
in the uoresene signal. However, as urrently ahiev-
able photon ountrates (≈ 300 kHz at room temperature)
are far below this threshold, readout has to be performed
by repetitive aumulation of uoresene signal with a
onomitant inrease in measurement time.
We now demonstrate a method to derease the mea-
surement time (inrease the number of signal photons per
shot) for the spin state of single NV enters by a fator
of 3 by exploiting the spin dynamis of the
14
N nitrogen
nulear spin (I=1). We make use of a reently disovered
nulear spin polarization mehanism [20℄ that is medi-
ated by a level anti-rossing (LAC) in the exited state
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FIG. 2: (olor online) (a) Fluoresene responses for the sys-
tem initially being in |0〉 (red trae n|0〉) and |−1〉 (upper grey
trae n|−1〉) and their dierene (lower grey trae). The grey
area represents the signal that allows to disriminate dier-
ent spin states. Inset: Shemati illustration of the signal
formation. Starting in |−1〉, the system will pass through the
dark singlet state (arrow with dot) and end up in the bright
state |0〉 (steady state). A single passage through the singlet
state yields the entire spin signal (grey area). (b) Spetra
showing the
14
N hyperne struture of the mS=-1 branh.
At low eld, the spin population is evenly distributed and
three lines are visible. At B=500G, the nulear spin is po-
larized into mI=+1. () Exited state energy levels around
B=500G. LAC ours between |0, 0〉 and |−1,+1〉 (red dotted
lines) and |0,−1〉 and |−1, 0〉 (blue dashed lines), enabling
eletron nulear spin ip-ops. The inset shows the orre-
sponding ip-op probability per yle through the exited
state as a funtion of B.
[18℄. Note that this mehanism has been demonstrated
for a
15
N nuleus (I=1/2), however, it works analogously
for
14
N. Spin states will be denoted by |mS ,mI〉 in the
following.
At a magneti eld of 500G (B || NV-axis), the mS=0
and the mS=-1 branh of the NV enter eletron spin
are expeted to ross in the exited state (see grey region
in Fig. 1(a)). However, due to strong hyperne oupling
between eletron and nitrogen nulear spin in the ex-
ited state (≈ 20 times stronger than in the ground state
[19℄), there is LAC between spin states |0, 0〉 and |−1,+1〉
resp. |0,−1〉 and |−1, 0〉, assoiated with strong spin mix-
3ing (see Fig.2()). This allows energy-onserving ip-op
proesses between eletron and nulear spin. These are
not possible for spin states |0,+1〉 and |−1,−1〉 whih
therefore are not aeted by mixing. Under optial illu-
mination, the eletron spin is steadily polarized into |0〉.
Thus, the only stable spin state is |0,+1〉. As a result,
optial illumination leads to strong polarization of the
system into |0,+1〉 at B≈500G (see spetra in Fig. 2(b)).
If the system is now prepared in spin state |−1,−1〉 be-
fore appliation of the readout laserpulse, it has to pass
three times through the singlet state instead of one in
a asade-like proess before reahing the bright steady
state |0,+1〉. As eah passage through the singlet state
yields the same amount of signal as obtained by onven-
tional readout, the total signal is tripled.
The detailed proess ouring upon appliation of a
readout laserpulse is illustrated in Fig. 3(a). Starting
from spin state |−1,−1〉, the system one passes through
the singlet state as the eletron spin is polarized. This
proess yields the signal (grey area in Fig. 3(a)) ob-
tained equivalently by onventional readout. The pas-
sage through the singlet state (grey arrows with dots in
Fig. 3(a)) is assumed to onserve the nulear spin state,
hene the system ends up in |0,−1〉. The system is now
repumped to the exited state by the same readout laser-
pulse. There it has a ertain probability to perform the
ip-op proess |0,−1〉 ↔ |−1, 0〉 due to the strong mix-
ing between these two spin states (see Fig.2()). Thus, it
has the two possibilities of either performing an optial
yle under emission of a uoresene photon or perform-
ing an eletron-nulear ip-op proess. As optial yles
are spin-onserving, a ip-op proess will nally our
and the system will be in |−1, 0〉. From there, it will pass
a seond time through the singlet state, additionally giv-
ing rise to the same amount of signal as before (blue area
in Fig. 3(a)). After the seond relaxation via ISC, the
system will be in state |0, 0〉. It will now again be reex-
ited, where the spin states |0, 0〉 and |−1,+1〉 are mixed.
As before, the system will inevitably perform a spin ip-
op with subsequent passage through the singlet state,
again yielding additional signal. After this third ISC-
relaxation, the system will be in the bright steady state
|0,+1〉, whih yields a onstant level of uoresene in-
tensity.
The uoresene responses n|mS,mI〉(t) for onven-
tional (grey trae) and enhaned readout (blue trae) are
ompared in Fig. 3(b). The lower traes show the dier-
ene in uoresene between bright and dark state for
both ases. The olored areas represent the amount of
signal photons and show the expeted threefold enhane-
ment.
The amount of signal photons saturates with inreasing
pulse duration while the noise arising from the poissonian
distribution of olleted photons (shot noise) grows ap-
proximately as the squareroot of the pulselength. Hene,
there is an optimal readout pulselength whih maximizes
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FIG. 3: (olor online) (a) Illustration of the enhaned readout
proess. The spin state |−1,−1〉 is populated by a seletive
mirowave pi-pulse (blue arrow) and two onseutive radiofre-
queny pi-pulses (orange arrows). Due to eletron nulear spin
ip-ops in the exited state, the system must pass through
the dark singlet state (grey arrows with dots) three times be-
fore reahing the bright steady state |0,+1〉. The entire signal
(grey and dark blue areas) is now three times the onventional
signal (only grey area). (b) Fluoresene responses for the
system initially being in |0,+1〉 (red trae n|0,+1〉), |−1,+1〉
(onventional readout, grey trae n|−1,+1〉) and |−1,−1〉 (en-
haned readout, blue trae n|−1,−1〉) and the orresponding
dierenes (lower traes). By enhaned readout, the onven-
tional readout signal (grey area) is inreased by a fator of 3
(grey + dark blue area).
the signal-to-noise ratio (SNR). The signal aquired
during the initial time interval [0, tp] of the uoresene
pulses is N|0,+1〉(tp)−N|−1,mI〉(tp) (grey area for mI=+1
in Fig. 3(b) and grey + dark blue area for mI=-1).
N|mS,mI〉(tp) is given by
∑tp
0 n|mS,mI〉(t). The shot noise
is the squareroot of the total number of olleted pho-
tons,
√
N|0,+1〉(tp) +N|−1,mI〉(tp). The SNR is
SNR (tp) =
N|0,+1〉(tp)−N|−1,mI〉(tp)√
N|0,+1〉(tp) +N|−1,mI〉(tp)
. (1)
It has a global maximum at an optimal readout pulse-
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FIG. 4: (olor online) (a) Eletron spin Rabi osillations
reorded by onventional (grey squares) and enhaned read-
out (dark blue dots). The relative ontrast is improved by
a fator of 3. (b) Signal-to-noise ratio (SNR) of the uo-
resene responses from Fig. 3(b) for enhaned (dark blue)
and onventional readout (grey) as a funtion of the readout
pulselentgh tp. The maximum SNR for enhaned readout
at B=500G is
√
3 times the maximum SNR for onventional
readout.
length tp (see Fig. 4(b)).
For enhaned readout, both the signal and the time
required for signal formation are inreased by a fator of
3. Thus, the maximum SNR is enhaned by
√
3 (see Fig.
4(b)) and shifted to a longer pulselength. Fig. 4(a) shows
eletron Rabi osillations reorded with onventional and
enhaned readout. The experimental results exhibit the
behaviour predited by our model.
In pratie, enhaned readout is implemented as fol-
lows: After exeution of a desired pulse sequene on the
operating transition |0,+1〉 ↔ |−1,+1〉 (see arrow in Fig.
3(a)), two onseutive resonant radiofrequeny pi-pulses
on the nulear spin transitions |−1,+1〉 ↔ |−1, 0〉 and
|−1, 0〉 ↔ |−1,−1〉 (see orange arrows in Fig. 3(a)) are
applied right before appliation of the readout laserpulse.
Nulear spin transitions an be driven seletively up to
Rabi frequenies on the order of MHz. Thus, the time re-
quired to trigger the enhaned readout is on the order of
a few µs. At B=500G, the optimum pulselength for the
enhaned uoresene response is extended by about 500
ns. Hene, the enhaned readout method already pays if
the length of the omplete pulse sequene is on the order
of a few µs, whih is fullled in most ases.
The most ritial parameter of enhaned readout is the
angle between magneti eld and the NV axis [20℄. The
magneti eld an be varied over a wide range (±200G)
without losing the polarization eet (see [20℄). How-
ever, as the ip-op probability dereases with distane
from the LAC (see inset in Fig. 2()), the signal forma-
tion proess is slowed down whih leads to derease of
the maximum SNR. At 50G from the LAC, the SNR
enhanement is about half the maximum value.
The method has been demonstrated for NV enters
ontaining a
14
N atom (I=1), however, it works analo-
gously for
15
N (I=1/2), where a SNR enhanement of√
2 is ahievable by a single rf pulse. Note that this is
the rst demonstration of rf-ontrol of a single nitrogen
nulear spin whih proves its suitability as an additional
qubit intrinsi to the NV enter.
Summarizing, we presented a fast universal method to
enhane the signal-to-noise ratio of the optial readout
proess of the NV enter in diamond. The measure-
ment time required to determine the spin state of the
system is redued by a fator of 3. This allows for faster
room-temperature aess to quantum information stored
in the individual solid-state spin system and speeds up
data aquisition in spin-based magnetometry. Further
enhanement an be ahieved by inluding those
13
C nu-
lear spins that are polarized at magneti elds orre-
sponding to the exited state LAC [20, 24℄.
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5ADDITIONAL MATERIAL
In this additional online material we explain the spin
Hamiltonian and the important interations in more de-
tail. In addition the
14
N nulear spin spetra are pre-
sented. To reord them the new signal enhanement
method has been used.
The NV Hamiltonian
For the NV enter with a
14
N isotope the spin Hamil-
tonian for the ground state is
H = DSˆ2z + geµBBSˆz +A Sˆ Iˆ +QIˆ
2
z + gnµnBIˆz (2)
where the rst and seond terms express eletron spin
energies with the zero eld splitting D = 2870 MHz of
levelsmS = 0 andmS = ±1 and the Zeeman energy with
the eletron g-fator ge and the Bohr-magneton µB. The
third term is the hyperne interation between NV en-
ter's eletron spin and the nulear spin of its
14
N atom.
As the eletron spin the nulear spin is a triplet I = 1. It
leads to a splitting of ≈ 2.2 MHz. For simpliity we as-
sume an isotropi hyperne interation whih is suient
to explain the spetra in the paper. Finally, the fourth
and fth term desribe the energies of the nulear spin
with its quadrupole splitting Q and its nulear Zeeman
energy where gn is the
14N nulear spin g-fator and
µn the nulear magneti moment. In this Hamiltonian
the magneti eld is assumed parallel to the NV-axis (z-
diretion) as was the ase in the performed experiments.
The resulting eletron spin energy levels as a funtion
of the magneti eld are displayed in Fig. 1(a) of the
main paper and their nulear spin sublevels are depited
in Fig. 1(). The eletron spin transition between states
|0 〉 and |−1〉 for two magneti eld strengths is shown in
g. 2(b) of the main paper. In the lower spetrum the
hyperne splitting is visible. It is absent in the upper
spetrum beause the nulear spin is polarized in state
mI = +1.
The exited state Hamiltonian basially looks the
same. Only the onstants hange. The zero eld split-
ting beomes Des = 1420 MHz [1, 2℄, and the hyperne
splitting is Aes ≈ 40 MHz (see Fig. 5). Again we assume
an isotropi hyperne interation. The fat that the po-
larization mehanism for the nulear spin mentioned in
the paper works well underlines that there must be sub-
stantial o-diagonal terms in the hyperne interation of
the exited state.
In Fig. 2() of the main paper, the alulated eigenval-
ues of the exited state Hamiltonian in the basis |−1,−1〉,
|−1, 0〉, |−1,+1〉, |0,−1〉, |0, 0〉 and |0,+1〉 are drawn as a
funtion of the magneti eld amplitude. The inset shows
the probability for a spin ip-op between eletron and
nulear spin as a funtion of B. It has been alulated
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FIG. 5: Exited state eletron spin resonane spetrum. The
spetrum shows themS = 0↔ −1 transition of the eletroni
exited state of the NV enter. It is tted with 3 Lorentzians
(red lines) orresponding to the hyperne splitted
14N nulear
spin sublevels. The hyperne interation in the exited state
is roughly 20 times larger than in the ground state. The width
of the lines originates from the short exited state lifetime of
about 10 ns.
from the oeients of the basis states partiipating in a
ip-op proess (see [3℄ for details).
nulear spin manipulation
For the enhaned readout tehnique, the nulear spin
has to be manipulated. Therefore, rst of all the nulear
transition frequenies in eletron spin state |0 〉 and
|−1〉 have to be obtained. This is done by a ombined
pulsed and w tehnique whih is skethed in Fig. S6(a).
The signal gained in this experiment already uses the
enhanement tehnique.
At rst a magneti eld of 500 Gauss is applied
parallel to the NV axis (z diretion) as in the paper. A
laser pulse initializes the system into |mS ,mI 〉 = |0,+1〉.
A subsequent mirowave (mw) pi pulse (not neessary for
operation in |0 〉) onverts it into |−1(0 ),+1〉. In a next
step a radiofrequeny (rf) pi pulse resonant on transition
|−1(0 ),+1〉 ↔ |−1(0 ), 0〉 yields state |−1(0 ), 0 〉. Out of
this starting state a rf pi pulse with sweeping frequeny
is applied. Finally population in |−1(0 ), 0 〉 is onverted
bak to |0,+1〉 whih is the only bright state. The
population here is read out by a nal laser pulse whih
is in fat the rst laser pulse of the next run. This
sequene is ontinuously repeated while the frequeny
of the sweeping pulse is hanged and the orresponding
uoresene is reorded. If the swept frequeny hits
the resonane for transitions |−1(0 ), 0〉 ↔ |−1(0 ),+1〉
or |−1(0 ), 0〉 ↔ |−1(0 ),−1〉 no population ends up
in bright state |0,+1〉. It is then either in |0, 0〉 or in
|0,−1〉. In this ase the nal laser pulse eventually fores
the nulear spin to ip and pass through the metastable
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FIG. 6: Single nulear spin resonane (a) Pulse sequene
to obtain resonane spetrum of a single
14N nulear spin.
The laser pulse initializes the system and also reads out the
spin state. All mirowave (mw) and radio frequeny (rf) pi
pulses with xed frequeny (blue and orange) do transfor-
mations towards and bak from the starting state mI = 0.
In between a pi pulse with sweeping frequeny atually is re-
sponsible for the spetrum. (b) Nulear spin spetrum for
eletron spin state mS = 0. The nulear quadrupole splitting
(Q) results in a frequeny oset and the nulear Zeeman en-
ergy (nZ) splits the two lines. () Spetrum for eletron spin
state mS = −1. In addition to the quadrupole splitting and
nulear Zeeman energy the hyperne interation (hf) shifts
the two lines. In all spetra, resonane lines are tted with
Lorentians.
state whih gives the signal as explained in the paper.
Note, that the eletron spin state is already mS = 0
before the readout laser pulse so that it does not have to
ip and does not ontribute to the signal. This means
that the nulear spin state is read out without mapping
it onto the eletron spin due to the nulear spin state
seletive ip-op proesses in the exited state. Be also
aware, that the signal for spin state |0,−1〉 is twie as
high as the one for |0, 0〉 beause the system has to pass
the metastable state twie instead of one.
The resulting nulear spin spetra are shown in
Fig. S6(b,). From there a quadrupole splitting of
Q = 4.945± 0.01 MHz an be dedued and the hyperne
splitting is A = −2.166 ± 0.01 MHz. These values have
been obtained for a few enters in dierent samples and
have agreed within the given bounds. Nevertheless, they
show small deviation from earlier obtained values [4℄.
The presented method is universal in the sense
that the nitrogen nulear spin is present for every
NV enter. For NV enters that have ertain
13
C
nulear spins in their viinity, the signal-to-noise ratio
an even be further enhaned. For n partiipating
nulei with spin In, the enhanement is given by
SNRenh/SNRconv =
√
1 +
∑
n2In. Note that this
is true only for nulear spins whih have the same
quantization axis as the NV enter eletron spin and
whih partiipate in energy onserving ip-op proesses
mediated by the exited state LAC leading to nulear
spin polarization [5℄.
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